Background-Acute myocardial infarction complicated by cardiogenic shock (AMI-CS) is associated with substantial mortality. We evaluated outcomes of patients in The Society of Thoracic Surgeons Adult Cardiac Surgery Database who underwent coronary artery bypass graft surgery (CABG) in the setting of AMI-CS.
Conclusions-Most patients undergoing CABG for AMI-CS have a sizeable but not prohibitive risk. Patients who require MCS and those undergoing operation as a salvage procedure reflect higher risk populations.
Cardiogenic shock is the primary cause of hospital death after myocardial infarction (MI), with an associated mortality of roughly 40% [1] . Revascularization can improve survival after cardiogenic shock from MI [2] . In the Should We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock (SHOCK) trial, patients undergoing coronary artery bypass graft surgery (CABG) had outcomes similar to those of patients undergoing PCI despite having more substantial coronary artery disease and higher rates of diabetes mellitus [3] . Despite the benefit of CABG, this therapy remains underutilized in these critically ill patients [4] .
Mehta and colleagues [5] reported the outcomes of patients in The Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Database (ACSD) who underwent CABG in the setting of AMI-CS between 2002 and 2005. The operative mortality ranged from 20% for isolated CABG to 33% for CABG plus valve surgery and 58% for CABG plus ventricular septal repair. Despite high mortality primarily due to pump failure, less than 3% of patients with shock received a left ventricular assist device (LVAD) [5] .
Since 2005, there have been several major changes in the management of patients with AMI-CS. These include increased utilization of drug-eluting stents, an increase in the number of hospitals with 24-hour catheterization laboratory availability, new anticoagulant and antiplatelet agents with improved safety profiles, and improvements in extracorporeal membrane oxygenation (ECMO) and percutaneous and surgical ventricular assist device (VAD) technology. The utilization of percutaneous MCS devices has increased rapidly, with a 1,511% increase from 2007 to 2011 [6] . Outcomes after VAD implantation for post-MI cardiogenic shock and postcardiotomy shock have also improved [7] .
The purpose of this study was to evaluate clinical characteristics and current outcomes of patients with AMI-CS undergoing CABG, with a specific emphasis on the utilization of MCS and associated outcomes.
Material and Methods

Data Source
The STS ACSD is a multicenter registry for adult cardiac surgery. It contains more than 5 million cardiac surgical records and captures 95% of all cardiac surgical procedures performed in the United States. The formation, rationale, and methodology of the STS ACSD have been described [8, 9] .
Patients
The study population included patients in the STS ACSD who had a recent MI (within 7 days before the procedure) and cardiogenic shock and underwent nonelective CABG or CABG with VAD implantation. The primary analysis sample consisted of patients who underwent surgery between July 2011 and December 2013. The 2011 start date was chosen to coincide with version 2.73 of the STS data collection form, which first started collecting detailed data on catheter-based MCS and ECMO. We also evaluated patients who had surgery for the same indications between 2005 and 2013 solely to determine trends in unadjusted mortality. Exclusion criteria included patients with concomitant surgeries, preexisting LVAD, and post-MI complications such as mitral regurgitation, free wall rupture, or ventricular septal rupture (Fig 1) .
Data Definitions
Cardiogenic shock is defined as the patient being, at the time of procedure, in a sustained (more than 30 minutes) clinical state of hypoperfusion due to cardiac failure according to the following criteria: persistent hypotension (systolic blood pressure less than 80 mm Hg or mean arterial pressure 30 mm Hg lower than baseline) with a severe reduction in cardiac index (less than 1.8 without mechanical or inotropic support or less than 2 with mechanical or inotropic support), in the setting of adequate or elevated filling pressures. Urgent operative status is defined as the procedure required during same hospitalization to minimize the chance of further clinical deterioration. Patients requiring emergent operations are defined as those having ongoing, refractory, unrelenting cardiac compromise, with or without hemodynamic instability, and not responsive to any form of therapy except cardiac surgery. Emergent salvage patients are defined as those undergoing cardiopulmonary resuscitation en route to the operating room or before anesthesia induction or having ongoing ECMO to maintain life. Operative mortality is defined as all deaths occurring during the hospitalization in which the operation was performed, or deaths occurring after discharge from the hospital but within 30 days of the procedure. Myocardial infarction is defined as per the American College of Cardiology Foundation/American Heart Association data definitions [10] . Other data definitions are provided on the STS website [11] .
Analysis
Baseline characteristics, operative variables, and postoperative outcomes of the overall cohort were analyzed using standard summary statistics. Categoric variables were calculated as frequency and percentage, and continuous variables were calculated as median and interquartile range. Linear trend tests were applied to evaluate changes in mortality and MCS use over time.
Patients were categorized by MCS status into three groups: no MCS use, preoperative MCS use, and intraoperative/postoperative MCS use only. Patients who had both preoperative and postoperative MCS were grouped within the preoperative MCS group. Summary statistics were used to determine differences in baseline characteristics and outcomes associated with MCS. Finally, select patient characteristics were compared among groups using Pearson's χ 2 test for categoric variables, and the Kruskal-Wallis test for continuous variables. All analyses were performed with SAS version 9.2 (SAS Institute, Cary, NC). A p value of 0.05 was used to determine statistical significance.
Results
Baseline Characteristics
A total of 5,496 patients underwent nonelective CABG or CABG with VAD in the setting of recent AMI-CS from July 2011 to December 2013. Baseline characteristics are listed in Table 1 . The majority of patients (71.7%) were male, the median age was 66 years (interquartile range: 58 to 74), and nearly one third (32.6%) were current smokers. These patients comprised approximately 1.5% of all patients undergoing CABG during the study period.
Cardiac History
Myocardial infarction occurred within 6 hours of CABG in 31.9%, between 6 and 24 hours in 23.8%, and between 1 and 7 days in 44.4% of patients. Catheterization revealed threevessel disease in 78.2%, two-vessel disease in 17.4%, and single-vessel disease in 4.1%. Significant left main disease (greater than 50% stenosis) was present in 51.2% and significant proximal left anterior descending artery (more than 70% stenosis) was present in 63.9%. Thirty-eight percent had previous cardiac interventions, with 35.6% having had a PCI and 1.8% having previous CABG. Among those who had PCI, 68.9% had PCI during the episode of care leading to CABG.
Severity of Illness
The STS 2008 cardiac surgery risk models predicted a mortality of 20% or greater for 30.5% of patients, mortality of 12% to 20% for 20.1%, mortality of 8% to 12% for 15.6%, and mortality between 4% and 8% for 20.7%. In the overall cohort, 38% had preoperative arrhythmias, of which 66.1% were ventricular tachycardia or fibrillation. Twenty-two percent had resuscitation for cardiac arrest. Median preoperative ejection fraction was 35%. End-organ function was preserved, with median creatinine 1.1 mg/dL and bilirubin 0.6 mg/dL. Age, preoperative LVEF, and end-organ function including creatinine and bilirubin were clinically similar among patients with urgent (n = 1,734, 31.6%), emergent (n = 3,339, 60.8%), and salvage (n = 422, 7.7%) operative status ( Table 2) . Patients with salvage status had the highest incidence of preoperative ventricular arrhythmias, left main disease, and resuscitation, and the shortest duration between MI and CABG. Patients with urgent and emergent status had similar age, incidence of resuscitation LVEF, creatinine, and bilirubin. The incidence of left main disease was higher and the incidence of three-vessel disease and proximal left anterior descending artery disease was lower in the emergent group compared with the urgent group. Most patients in the urgent group (82.9%) had surgery 1 to 7 days after MI, whereas most patients in the emergent group (72.2%) had surgery within 24 hours of MI.
Operative Characteristics
Operative characteristics are listed in Table 3 . The majority of patients (88.7%) had cardiopulmonary bypass utilization, with a median bypass time of 100 minutes. Patients had a median of one arterial and two venous anastomoses. The left internal mammary artery was used in 75.4%.
Outcomes
Operative mortality was 18.1%. The primary cause of death was cardiac in 75.5% of patients. The median intensive care unit time was 108 hours and the most common complications were prolonged ventilator requirement, pneumonia, renal failure, sepsis, and stroke (Table 4 Patients who had urgent, emergent, and salvage operations had operative mortality of 10.3%, 18.6%, and 53.3%, respectively. Patients undergoing salvage operations had a high rate of postoperative complications, including prolonged ventilation in 59.7%, reoperations in 21.8%, renal failure in 18.5%, multisystem organ failure in 14.7%, and lower postoperative compared with preoperative LVEF (35% versus 33%). The primary cause of mortality was cardiac in 82% of salvage cases, compared with 74.8% of emergent and 69.1% of urgent cases.
Mechanical Circulatory Support
Eighty-two percent of patients had a perioperative intraaortic balloon pump (IABP). The use of MCS with a higher degree of support than the IABP is evaluated in detail in the following section; for the remainder of this article, MCS refers to circulatory support devices other than IABP. Of the 5,496 patients in the cohort, 129 (2.3%) had preoperative MCS with or without continued intraoperative/postoperative MCS, 279 (5.1%) had intraoperative or postoperative MCS but no preoperative MCS, and 5,088 (92.6%) did not have MCS (Fig 3) . The operative mortality for patients without MCS, preoperative MCS, and intraoperative/ postoperative MCS was 16%, 37.2%, and 58.4%, respectively. The STS mortality algorithm predicted greater than 20% mortality in 48.8% of patients in the preoperative group, 33.7% of the intraoperative/postoperative MCS group, and 29.8% of the no-MCS group.
Patients with MCS tended to be younger than patients without MCS. Patients with preoperative MCS had the highest prevalence of hyperlipidemia, cerebrovascular disease, peripheral arterial disease, prior PCI, and prior CABG. The preoperative MCS group had the lowest baseline LVEF (Tables 3 and 5 ). The intraoperative/postoperative MCS group had the highest measures of preoperative clinical acuity. The intraoperative/postoperative MCS group had a higher percentage (42.3%) of patients with MI 6 hours or less before surgery compared with the preoperative MCS group (36.4%) and no-MCS group (31.2%). The intraoperative/postoperative group had the highest incidence of cardiopulmonary resuscitation within 1 hour of the operative procedure (38.7%), as well as the highest proportion of salvage procedures (24%) among the three groups. The intraoperative/ postoperative group also had the highest incidence of postoperative complications, including reoperations, stroke, respiratory failure, renal failure, dialysis, multisystem organ failure, and cardiac arrest (Table 4 ).
The most common preoperative MCS device was Impella (Abiomed, Danvers, MA), and the intraoperative/postoperative MCS device was most commonly ECMO (Figs 4 and 5) . From July 2011 to December 2013, there was a significant increase in the use of MCS perioperatively from 5.8% to 8.8% (p = 0.008) and an increasing trend in the use of preoperative MCS from 1.3% to 2.9% (p = 0.05). The LVEF improved after operation in the preoperative MCS and no MCS groups, but declined in the group that required intraoperative/postoperative MCS.
Comment
Cardiogenic shock is the leading cause of death after MI. Early revascularization improves survival, and CABG is an effective means of revascularization in shock, particularly for diffuse and multivessel disease, lesions not amenable to PCI, failed PCI, and for mechanical complications after MI [2] . In the IABP-SHOCK II trial, where 52% had three-vessel disease and the left main was the infarct-related artery in approximately 9% of patients, only 3.5% underwent immediate or staged CABG [1] . These findings may be related to limited referrals for emergency CABG, lack of access or capability for emergency CABG in smaller hospitals, and reluctance to operate on very high risk patients.
This analysis of a large nationwide registry shows that outcomes of patients with MI and CS undergoing CABG has improved over time, and the operative mortality of 18.1%, while substantial, is not prohibitive. For the overall cohort, current risk-prediction algorithms capture the clinical acuity, which may alleviate some concerns that operating on these highrisk patients would negatively impact surgeon and center outcome data. There are subgroups, including patients requiring MCS and patients with salvage operations who have significantly worse outcomes, and careful assessment of risk and benefit is required in these cases.
In this study, measures of clinical acuity were highly associated with mortality, with mortality ranging from 10% to 53%. Any degree of cardiogenic shock remained an important risk factor, and even patients with milder degrees of cardiogenic shock undergoing bypass with "urgent" operative status had an operative mortality of more than 10%, significantly higher than that observed in patients with MI without shock who undergo CABG [12] . Similarly, in a report of patients undergoing PCI from the national cardiovascular database registry, clinical acuity was a strong predictor of survival, and the inhospital mortality among patients with transient shock, sustained shock or salvage status, and sustained shock plus salvage status was 15.26%, 33.45%, and 63.99%, respectively [13] . Other studies have also shown that hemodynamic and clinical variables such as clinical acuity, duration of end-organ ischemia, evidence of end-organ hypoperfusion, and hypotension predict response to revascularization and survival in AMI-CS [14] .
Mechanical circulatory support can improve these hemodynamic variables, reverse shock, and normalize end-organ perfusion, and various devices have been used over the years to treat AMI-CS. Many observational studies have shown improved survival for AMICS with percutaneous and surgical LVADs compared with historical controls [15] . There is also evidence that early ventricular unloading by MCS before reperfusion may improve outcomes [16, 17] . However, there have been no randomized trials that have demonstrated survival benefit, leading to a IIB guideline recommendation for MCS for AMI-CS [18] . Therefore, even though it is recognized that it is important to reverse shock before multisystem organ failure occurs, there are few data that provide guidance on timing of MCS and particular device selection, and MCS selection remains discretionary with wide variation in use among physicians and institutions [19] . Despite these uncertainties, there has been significant overall increase in utilization of temporary MCS as well as decreasing mortality and hospital costs for patients undergoing short-term MCS [6] .
This study demonstrates that patients undergoing CABG with AMI-CS have a high utilization of IABP, but only a small proportion receives other MCS devices. Patients who require MCS have worse outcomes. There was a 2.3-fold difference in operative mortality between the preoperative MCS group and no-MCS group, and a 3.5-fold difference between the intraoperative/postoperative MCS group and no-MCS group. Patients receiving preoperative MCS had the highest prevalence of cardiovascular risk factors, whereas patients receiving intraoperative/postoperative MCS had the highest measures of clinical acuity, including salvage operative status, resuscitation, and ventricular arrhythmias. Given missing relevant factors such as individual hemodynamic profiles at the time of MCS implantation, institutional differences in patient selection for MCS and management of shock, and the degree of hemodynamic support provided by different MCS devices, there are insufficient data to comment on how earlier or preoperative MCS implantation, or any particular MCS device, would have influenced survival. It is possible, perhaps likely, that for patients who required intraoperative/postoperative MCS, the devices were utilized in a situation that would have resulted in patient death without mechanical support. The inability to wean from cardiopulmonary bypass, for example, is 100% fatal without MCS. Therefore, survival of 41.6% would seem to justify MCS use in this patient population.
The primary cause of mortality was cardiac in all groups, but more specific reasons, such as persistent or worsening hemodynamic instability on MCS, irreversible end-organ dysfunction, or inadequate recovery of ventricular function and ineligibility for transition to a durable device or transplant were not available. Others have shown that only approximately a third of patients who require temporary or permanent MCS for AMI-CS will have myocardial recovery despite revascularization [20] . The intraoperative/ postoperative MCS group with the highest mortality was also the group in which LVEF did not improve after revascularization. Similarly, patients who underwent operation as salvage did not in general have improvement in their LVEF postoperatively, and had a high mortality with predominantly cardiac cause of death despite revascularization. Furthermore, patients who ultimately required intraoperative/postoperative MCS had a high proportion who went to the operating room as salvage status. Given the poor outcomes in these subgroups, early assessment of myocardial viability, likelihood of adequate revascularization, stabilization and assessment of end organ and neurologic function with temporary MCS and ECMO, and expedited evaluation for alternative strategies such as early planned durable LVAD (with or without CABG) may be considered.
Data collection for MCS utilization (other than IABP use) began after the most recent iteration of the STS mortality risk models were published in 2008, and these models therefore do not include MCS utilization as a risk factor for mortality. Current models accurately assess operative risks in patients that do not require MCS, but underestimate risks in patients that have MCS, particularly those who have intraoperative/postoperative MCS. Given the increased clinical acuity reflected by patients who have MCS, MCS utilization should be evaluated for future mortality prediction models.
This study had several limitations. First, patients were accepted for CABG as a matter of routine clinical practice rather than in a randomized trial setting, and they may represent a lower risk cohort among all patients who were initially referred for CABG. Second, the duration of MI before revascularization was listed, but the duration of shock before revascularization or MCS was not available. Third, given the lack of standardized criteria for MCS use, a patient with similar clinical acuity may or may not have received MCS depending on the admitting institution. Finally, the use of MCS may not reflect clinical factors alone. Larger tertiary medical centers are more likely to have availability of MCS and use it compared with smaller hospitals, or there may be an institutional history and preference for a particular device. The same factors that affect MCS utilization may also influence revascularization or adjunctive strategies, and that was not measured. Because of these limitations, the low number of events, and a heterogeneous MCS device profile, we were not able to perform a robust multivariable analysis to assess the independent effect of MCS on survival.
In conclusion, most patients undergoing CABG for AMI-CS have a sizeable but not prohibitive risk, which has slightly decreased since 2005. Patients who require MCS reflect a higher risk population. Randomized studies to assess the optimal mode of revascularization, and the optimal timing and outcomes of MCS for patients failing standard management are necessary.
Abbreviations and Acronyms
ACSD
Adult Cardiac Surgery Database Temporal trends in operative mortality for isolated coronary artery bypass graft surgery, without or without ventricular assist device. Table 1 Baseline Characteristics and Risk Factors Table 3 Operative Characteristics 
AMI-CS
